Abstract Diffusion is an important transport process in low permeability media, which play an important role in contamination and remediation of natural environments. The calculation of equivalent diffusion parameters has however not been extensively explored. In this paper, expressions of the equivalent diffusion coefficient and the equivalent diffusion accessible porosity normal to the layering in a layered porous medium are derived based on analytical solutions of the diffusion equation. The expressions show that the equivalent diffusion coefficient changes with time. It is equal to the power average with p = −0.5 for small times and converges to the harmonic average for large times. The equivalent diffusion accessible porosity is the harmonic average of the porosities of the individual layers for all times. The expressions are verified numerically for several test cases.
C (kg/m 3 ) solute concentration in the liquid phase.
D(m 2 /s)
effective diffusion coefficient (as defined by Gillham et al. 1984) .
layer thickness. n (-) diffusion accessible porosity. n eq (-) equivalent diffusion accessible porosity. R (-) retardation factor.
time. x (m) distance from the top of the first layer. X p power average with power = p.
Introduction
Transport by diffusion is defined as transport due to a concentration gradient of solute. This transport mechanism is usually not modeled in aquifers since it is a much slower process than transport by advection and dispersion. In media with a low hydraulic conductivity, however, advection velocities may be very small, so that diffusion may be the dominant transport mechanism under typically encountered conditions of hydraulic gradient (Desaulniers et al. 1981; Johnson et al. 1989; Shackelford and Daniel 1991) . Such low permeability media have traditionally received less attention in hydrogeological practice and research. Such media may however play an important role in the contamination and remediation of natural environments. Aquitard contamination can for example result in a tailing or rebound effect on the remediation of an aquifer overlying the aquitard since contamination transport in aquitards is a very slow process (Liu and Ball 1998). Low permeability media are also important as host formations for disposal of municipal (e.g., Jang and Kim 2003), industrial (e.g., Navarro et al. 2000) and nuclear waste (e.g., Landais 2004). As low permeability media receive increasing interest, extensive databases of diffusion coefficients and diffusion accessible porosities are collected (e.g., Aertsens et al. 2004; Descostes et al. 2004; Patriarche et al. 2004; Van Loon et al. 2003) . Figures 1 and  2 show examples of measured diffusion coefficients and diffusion accessible porosities versus depth from two clay layers which are studied in the context of nuclear waste disposal. As information about the spatial variability and heterogeneity of diffusion parameters becomes available, questions arise about the appropriate average value of the diffusion coefficient and the diffusion accessible porosity, representative for a given volume of the medium. The aim is to assign a single effective or equivalent value of the diffusion parameters to the medium, so that the total solute flux is equal to the flux in the heterogeneous medium. This approach of equivalent diffusion parameters is for example interesting when diffusion fluxes through a heterogeneous medium should be calculated if the model grid scale is larger than the scale of heterogeneity due to computation time issues. Equivalent diffusion parameters are also very useful when the retention capacity of several potential waste disposal sites is compared in preliminary site selection without sophisticated numerical models of the different heterogeneous media. Insight in equivalent diffusion parameters is also very helpful for the interpretation of diffusion tests in heterogeneous media.
A lot of research has been carried out about equivalent flow and transport parameters. The majority of this research focuses on equivalent values for hydraulic conductivity. Renard and de Marsily (1997) presented a review of the many studies about the equivalent permeability for steady-state, uniform and single-phase flow. Several authors also investigated effective hydraulic conductivity for transient radial flow (Barker and Herbert 1982; Butler 1988; Butler and McElwee 1990; Oliver 1990; Indelman 2003) . Relatively few studies have been carried out about other equivalent flow and transport parameters than hydraulic conductivity. Gelhar and Axness (1983), Dagan (1982 Dagan ( , 1984 Dagan ( , 1987 Dagan ( , 1988 and Neuman et al. (1987) employed different analytical approaches to derive expressions for macrodispersivity coefficients which depend on
